LOAD COIL AND DSL REPEATER INCLUDING SAME 



By Brian L. Hinman, Andrew L. Norrell, James Schley-May, and Carl Alelyunas 
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Span Repeater for ADSL" by Brian L. Hinman, and U.S. Patent Application No. 09/569,470, 
filed on May 12, 2000 and entitled "DSL Repeater" by Brian L. Hinman, Andrew L. Norrell, 
and James Schley-May, U.S. Provisional Patent Application No. 60/212,597, filed on June 
19, 2000 and entitled "DSL Repeater" by Brian L. Hinman, Andrew L. Norrell, and James 
Schley-May, and U.S. Patent Application No. 09/610,788, filed July 6, 2000 and entitled 
"DSP-Based Repeater for DSL Signals" by Brian L. Hinman, Andrew L. Norrell, and James 
Schley-May. The disclosures of these related applications are hereby incorporated by 
reference. 

BACKGROUND 

1. Technical Field 

The present disclosure relates generally to load coils, and more particularly to a load 
coil having an improved frequency response in the DSL signal band. 
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2. Description of Background Art 

One method of accessing the Internet is by using DSL (xDSL) technology, which 
has several varieties, including ADSL and VDSL versions. ADSL is one version of DSL 
technology that expands the useable bandwidth of existing copper telephone lines. 
5 ADSL is "asymmetric" in that ADSL reserves more bandwidth in one direction than in 
the other, which may be beneficial for users who do not require equal bandwidth in both 
directions. In one implementation, ADSL signals generally occupy the frequency band 
between about 25 kHz and 1.104 MHz. In this configuration, ADSL uses the frequency 
band between about 25 kHz and 120 kHz to transmit upstream signals (signals from a 
3 10 customer premises to a central office) and the frequency band between about 1 50 kHz to 
f j 1 . 1 04 MHz to transmit downstream signals (signals from the centraroffice to a customer 

'§» premises). 

Lfl ADSL employs Frequency Division Multiplexing (FDM) to separate upstream 

□ and downstream signals and to separate ADSL signals from POTS (Plain Old Telephone 

|V 15 Service) band signals, which reside below about 4 kHz. VDSL also uses FDM to 
:!j separate downstream and upstream channels as well aslo separate both downstream and 

upstream channels from POTS. 

In the past, ADSL has been used to deliver high-speed data services to subscribers 
up to about 18,000 feet from their serving central office or central office extension. The 
20 potential data rates range from above about 8 MBPS for short loops, but drop off 
dramatically on long loops, such as local loops over about 18,000 feet, to about 0.5 
MBPS or less. Conventionally, ADSL service generally employs a local loop length of 
about 6,000 - 14,000 feet for optimal service. Loop length is generally defined as the 
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length of the wire between the central office, or central office extension, and the customer 
premises, such as a home or business. "Central office" and "central office extension" are 
collectively referred to herein as "central office." 

DSL signals generally degrade as they traverse the local loop. Hence, the longer the 
5 local loop length, the more degraded the DSL signal will tend to be upon arriving at a central 
office or a customer premises. While some DSL service is conventionally possible with loop 
lengths longer than 14,000 feet, it has been found that with loops much longer than about 
14,000 feet, the DSL signal is too degraded to provide high data transfer rates. 

DSL signal degradation over a local loop may be caused, for example, by factors 

10 such as: signal attenuation, crosstalk, thermal noise, impulse noise, and ingress noise 

from commercial radio transmitters. The dominant impairment, however, is often signal 
attenuation. For example, a transmitted ADSL signal can suffer as much as 60 dB or 
more of attenuation on long loops, which substantially reduces the useable signal, thereby 
greatly reducing potential data rates. 

15 Additional details regarding DSL signal degradation over long loops and 

regarding DSL technology more generally are described in Understanding Digital 
Subscriber Line Technology by Starr, Cioffi, and Silverman, Prentice Hall 1999, ISBN 
0137805454 and in DSL - Simulation Techniques and Standards Development for Digital 
Subscriber Line Systems by Walter Y. Chen, Macmillan Technical Publishing, ISBN 

20 1578700175, the disclosures of which are hereby incorporated by reference. 
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SUMMARY 

A DSL repeater is provided along a local loop between a central office and a 
customer premises for amplifying DSL signals, such as VDSL or Category 1 ADSL 
signals, that pass between the central office and the customer premises to reduce or 
5 alleviate DSL signal degradation problems due to signal attenuation. In general, the DSL 
repeater amplifies upstream and downstream DSL signals to at least partially compensate 
for attenuation of the DSL signals as they traverse a local loop. 

The DSL repeater may be configured as a non-regenerative repeater, including an 
upstream amplifying stage or element, an upstream filter, a downstream amplifying stage 
Q 10 or element, and a downstream filter. The amplifying elements and filters are disposed 
between a pair of electromagnetic hybrids, which couple the repeater to the local loop. 
The upstream and downstream amplifying elements respectively amplify upstream and 
3 downstream DSL signals. The downstream filter substantially prevents upstream signals 

3 from being transmitted back to the customer premises and the upstream filter 

U 15 substantially prevents downstream signals from being transmitted back to the central 
office. 

The DSL repeater includes the load coil, also referred to as a loading coil, to 
provide impedance to DSL signals while improving transmission of POTS signals over 
the loop. The DSL repeater equalizing and amplifying components generally equalize 
20 and amplify the DSL frequencies found on the loop at one side of the load coil and 

present them to the loop segment on the opposite side of the load coil. For example, ai 
about 1 . 1 MHz, there can be as much as 40 dB of gain, or difference, between one side of 
the load coil and the other. Consequently, it is desirable for the load coil to present a high 
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impedance to DSL signals to improve development of significant voltage difference 
across the load coil. 

The capacitance of conventional load coils, however, generally limits the ability 
of conventional load coils to provide sufficient impedance to DSL signals so that a 
5 desired gain can be developed across the load coil. Indeed, a conventional load coil 

typically comprises a coupled inductor having first and second windings wrapped around 
an electromagnetic core. Such a conventional load coil typically provides about 88 mH 
of inductance, about 10 pF of intra- winding capacitance, and about 1,040 pF of inter- 
winding capacitance. Intra-winding capacitance generally refers to the capacitance 

□ 10 between the loops of the same winding and is measured between the legs of one winding. 
ff5 | Inter- winding capacitance generally refers to the capacitance between the first and second 
5 windings and is measured between opposite legs of two windings. Thus, in conventional 
n load coils, the ratio of inter-winding capacitance to intra-winding capacitance may be 

□ between about 10:1 to 100:1. This net effective capacitance, however, significantly 
U 1 5 limits the ability of a conventional load coil to have sufficient impedance to high 

^ frequencies permit the desired voltage difference, or gain, to be developed across the load 

coil for frequencies in the ADSL band, which is about 25 kHz - 1.1 MHz. 

In general, the capacitively coupled current at DSL frequencies passing through 
the load coil is significantly reduced by balancing the effective intra-winding and inter- 
20 winding capacitances. This, balancing may be accomplished, for example, by increasing 
the intra-winding capacitance to substantially match the inter-winding capacitance, by 
adding compensating capacitors to counter-balance inter-winding or intra-winding 
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capacitance. Moreover, the load coil may be configured as either a coupled inductor or 
as a pair of discrete, uncoupled inductors. 

In one embodiment, the present load coil includes a pair of compensating 
capacitors to counter-balance the inter- winding capacitance of the windings, thereby 
5 increasing the effective intra-winding capacitance. Advantageously, each compensating 
capacitor will have a capacitance that approximates the inter-winding capacitance of the 
coupled inductor, minus the intra-winding capacitance. For example, each compensating 
capacitor of the coupled inductor will have a capacitance in the range of about 700-1300 
pF and preferably in the range of about 1020-1040 pF for a coupled inductor having an 

10 inter- winding capacitance of about 1040 pF and intra-winding capacitance of 10 pF. The 
compensating capacitors generally overcome or substantially alleviate the undesirable 
effects of the inter-winding capacitance. In particular, by adding the compensating 
capacitors, the capacitively conducted current passing through the load coil at DSL 
frequencies is substantially reduced. 

15 In another embodiment, the present load coil has sufficient intra-winding 

capacitance to substantially counter-balance the inter-winding capacitance. As 
mentioned above, conventional load coils typically have an inherent, or intrinsic, intra- 
winding capacitance of about 10 pF. According to this embodiment, the load coil would 
have an intra-winding capacitance of between about 700-1300 pF and preferably in the 

20 range of about 1030-1050 pF for a coupled inductor having an inter-winding capacitance 
of about 1040 pF. That is, the ratio of the inter- winding capacitance to the intra-winding 
capacitance should be in the range of about 0.75 - 1 .25 and preferably in the range of 
about 0.99-1 .01 . By effectively balancing the effective inter-winding and inter-winding 



6 



capacitances, the capacitively conducted current passing through the load coil at DSL 
frequencies is substantially reduced. 

According to yet another embodiment, both increased intra-winding capacitance 
and compensating capacitors are used to counter-balance the inter-winding capacitance of 
the load coil Pursuant to this embodiment, the ratio of the combined intra-winding 
capacitance and the capacitance of the compensating capacitors to the inter-winding 
capacitance should be in the range of about 0.75 - 1.25 and preferably in the range of 
about 0.99-1.01. 

Pursuant to still another embodiment, a load coil is provided having a pair of 
discrete, uncoupled inductors with each of the uncoupled inductors having a sufficiently 
low intra-winding capacitance that the intra-winding capacitance does not prevent the 
load coil from presenting sufficient impedance to ADSL signals so that significant gain 
may be developed across the load coil. By employing uncoupled inductors instead of 
coupled inductors, the inter-winding capacitance is substantially eliminated. Thus, with 
this embodiment, little current at DSL frequencies is capacitively conducted through the 
load coil due to the low inter-winding and intra-winding capacitances. 

In yet still another embodiment, a load coil is provided having a pair of discrete, 
uncoupled inductors with each of the uncoupled inductors having significant intra- 
winding capacitance. A pair of compensating capacitors are coupled to opposite legs 
between the discrete inductors to counter-balance the intra-winding capacitance and 
thereby permit the load coil to present sufficient impedance to ADSL signals so that 
significant gain may be developed across the load coil. Each of the compensating 
capacitors advantageously has a capacitance that approximates the intra-winding 



capacitance of one of the discrete inductors. Hence, by balancing the intra- winding 
capacitance with the compensating capacitors, the amount of capacitively coupled current 
passing through the load coil at DSL frequencies is substantially reduced. 

Other advantages, features, and embodiments will be apparent from the drawings and 
detailed description as set forth below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



FIG. 1 is a graph illustrating one example of DSL signal attenuation over a 6,000- 
foot length of telephone cable as a function of signal frequency; 

FIG. 2 illustrates multiple local loops interconnecting a central office and multiple 
5 customer premises with each local loop having at least one DSL repeater coupled thereto; 
FIG. 3 illustrates one embodiment of a FIG. 2 repeater; 
FIG. 4 illustrates the transfer function of a load coil having no inter- winding or 
intra-winding capacitance; 

FIG. 5 illustrates an equivalent circuit of a conventional load coil; 
y 1 0 FIG. 6 illustrates the transfer function of a conventional load coil; 



FIG. 7 illustrates the transfer function of a load coil according to one embodiment 
of the present load coil; 

FIG. 8 illustrates one embodiment of the present load coil; 
FIG. 9 illustrates another embodiment of the present load coil; 




FIG. 10 illustrates yet another embodiment of the present load coil; and 



FIG. 11 illustrates still another embodiment of the present load coil. 
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DETAILED DESCRIPTION 



FIG. 1 illustrates an example of the attenuation of a DSL signal over 6,000 feet of 
26 AWG (American Wire Gauge) telephone cable. As shown, higher frequency signals 
5 are generally attenuated more than lower frequency signals. In the FIG. 1 example, a 25 
kHz signal is attenuated by about 25 dB over 6,000 feet of 26 AWG telephone cable 
while a 1 MHz signal is attenuated by about 46 dB over 6,000 feet of 26 AWG telephone 
cable. As those skilled in the art will appreciate, the actual degree of attenuation will also 
depend on factors in addition to loop length, such as temperature. 

10 FIG. 2 illustrates a DSL network 200 that includes a central office 202, customer 

premises A 204, customer premises B 206, customer premises C 208, and customer 
premises N 210. The customer premises 204, 206, 208, and 210 are respectively coupled 
to the central office by local loops 214, 216, 218, and 220. Each local loop comprises a 
twisted pair of copper wires, commonly know in the art as a "twisted pair." Typically, 

15 the copper wires are formed of 22, 24, or 26 AWG wire. 

Moreover, as those skilled in the art will appreciate, the central office 202 and 
each of the customer premises 204, 206, 208, and 210 includes a DSL termination device, 
such as a DSL modem, for transmitting and receiving DSL signals over an associated 
local loop. 

20 A DSL repeater 224 is coupled to the local loop 214 to amplify DSL signals, such 

as ADSL or VDSL signals, passing over the loop 214 between the central office 202 and 
the customer premises 204. As discussed above, DSL signals are generally attenuated as 
they travel along a local loop, such as the local loop 214. The repeater 224 is disposed 
along the loop 214 between the central office 202 and the customer premises 204 to at 
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least partially compensate for the DSL signal attenuation by amplifying the transmitted 
DSL signals. Additional details of the repeater 224 are described below with reference to 
FIGS. 3-18. 

In addition, a repeater 226 is coupled to the loop 216 between the central office 
5 202 and the customer premises 206 to amplify DSL signals passing between the central 
office 202 and the customer premises 206. Likewise, a repeater 230 is disposed between 
the central office 202 and the customer premises 210 to amplify DSL signals passing 
therebetween. The repeaters 226 and 230 are configured the same as the repeater 224. 

Further, FIG. 2 illustrates that multiple DSL repeaters may be coupled in series, or 
^10 in cascaded fashion, to a single loop for amplifying transmitted DSL signals multiple 

times and in multiple locations between the customer premises and the central office to 
; C permit DSL signals to be transmitted over greater distances while still maintaining an 

!H acceptable DSL signal amplitude. Specifically, a DSL repeater 228 and a DSL repeater 

Q 229 are coupled in series to the loop 218, which couples the central office 202 and the 

™ 1 5 customer premises 208. Pursuant to this configuration, the repeater 228 first amplifies a 
JS downstream DSL signal transmitted from the central office 202 over the loop 218 to .the 

customer premises 208 and the repeater 229 then amplifies the downstream signal again. 

Hence, the repeater 228 amplifies the downstream signal to at least partially 
compensate for the attenuation incurred as the downstream signal passes over the portion 
20 of the loop 218 between the central office 202 and the repeater 228. Next, the repeater 
229 amplifies the downstream signal to at least partially compensate for the attenuation 
incurred as the downstream signal passes from the repeater 228 to the repeater 229. 
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Likewise, for upstream DSL signals from the customer premises 208 to the 

central office 202, the repeater 229 amplifies the upstream signals to at least partially 

i 

compensate for the attenuation that occurs between the customer premises 208 and the 
repeater 229. Next, the repeater 228 amplifies the upstream signal to at least partially 
compensate for the attenuation incurred as the upstream signal passes from the repeater 
229 over the local loop 218 to the repeater 228. 

According to one embodiment, the loop distance between the repeaters 228 and 
229 is between about 5,000 and 7,000 feet. In a preferred embodiment, the loop distance 
between the repeaters is about 6,000 feet. As discussed in more detail below, this loop 
distance between multiple repeaters disposed in series, in cascaded fashion, along a single 
loop may be advantageous in that pursuant to one embodiment of the present system and 
method, each repeater may be adapted with POTS load coils (see FIG. 3). This 
embodiment may then replace conventional POTS load coils, which are typically 
disposed about every 6,000 feet along a loop, to provide both POTS load and DSL signal 
amplification functionality. Additional details of this embodiment are discussed below. 

The loop 218 is illustrated as having two cascaded DSL repeaters 228 and 229 
coupled thereto between the central office 202 and the customer premises 208. It should 
be noted, however, that additional DSL repeaters (not shown) may be disposed in series 
between the central office 202 and the customer premises 208 so that DSL signals may be 
effectively transmitted over an even longer loop 218 by being amplified multiple times 
by multiple DSL repeaters. 

In the embodiment illustrated in FIG. 2, the DSL repeaters 224, 226, 228, and 230 
receive electrical power from a power supply 240, which preferably receives power over 
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a twisted pair 242 from the central office 202. The twisted pair 242 is a dedicated twisted 
pair that delivers DC current to the power supply 240 in the same manner in which 
electrical power is conventionally provided to Tl line repeaters. While not separately 
illustrated, the repeater 229 may receive power from a separate dedicated twisted pair or 
5 may receive power from the power supply 240. Lastly, the power supply 240; the DSL 
repeaters 224, 226, 228, and 230; and the associated circuitry may be disposed in a 
common housing 250. 

FIG. 3 illustrates details of one embodiment of the repeater 224 of FIG. 1. As 
shown, the repeater 224 is coupled to the local loop 214 between the central office 202 

10 and the customer premises 204. The repeater 224 is depicted as including a downstream 
filter 302 and a downstream amplifying element or stage 304 and an upstream filter 312 
and an upstream amplifying element or stage 314. The filters 302 and 312 and the 
amplifying elements 304 and 314 are disposed between a pair of electromagnetic hybrid 
couplers 322 and 324. The amplifying elements 304 and 314 may comprise amplifiers or 

1 5 amplifying equalizers. 

In general, the hybrid coupler 322 receives downstream DSL signals from the 
central office 202 along the local loop 214 and outputs the downstream DSL signals to 
the downstream filter 302 along line 332. The hybrid coupler 322 also receives amplified 
upstream DSL signals from the upstream amplifying element 314 along line 334 and 

20 transmits the upstream DSL signals onto the local loop 214 for transmission to the central 
office 202. 

Similarly, the hybrid coupler 324 receives upstream DSL signals from the 
customer premises 204 along the local loop 214 and outputs the upstream DSL signals to 
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the upstream filter 312 along line 342. The hybrid coupler 324 also receives amplified 
downstream DSL signals from the downstream amplifying element 304 along line 344 
and transmits the downstream DSL signals onto the local loop 214 for transmission to the 
customer premises 204. 

As those skilled in the art will appreciate, where the hybrid coupler 322 is 
imperfect, at least a portion of the upstream amplified DSL signal received via the line 
334 will leak through the hybrid coupler 322 onto the line 332. Likewise, where the 
hybrid coupler 324 is imperfect, at least a portion of the downstream amplified DSL 
signal received via the line 344 will leak through the hybrid coupler 324 onto the line 
342. Without the presence of the filters 302 and 312, this DSL signal leakage could 
cause a phenomenon known in the art as "singing" - that is oscillations caused by 
introducing gain into a bi-directional system due to signal leakage. 

The signal leakage problem is overcome, or substantially alleviated, through the 
use of the downstream filter 302 and the upstream filter 312. One version of Category 1 
ADSL upstream signals generally occupy the frequency spectrum between about 25 - 
120 kHz and ADSL downstream signals generally occupy the frequency spectrum 
between about 150 kHz - 1.104 MHz. The downstream filter 302 substantially prevents 
leaked upstream signals from being transmitted back to the customer premises 204 by 
significantly attenuating signals between 25 kHz and 120 kHz for ADSL. Likewise, the 
upstream filter 312 is configured to provide significant attenuation to signals between 
about 150kHz - 1.104 MHz for ADSL. For other varieties of DSL, such as VDSL, the 
filters 302 and 312 respectively attenuate signals outside the downstream and upstream 
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frequency bands, although the limits of these bands may be different than those for the 
ADSL variety. 

In operation, the repeater 224 receives upstream DSL signals from the customer 
premises 204 via the hybrid 324, filters out, or substantially attenuates, signals in the 
5 downstream frequency band with the upstream filter 312 and then passes the filtered 
upstream signal to the upstream amplifying element 314 via line 352 for amplification. 
The repeater 224 then passes the amplified upstream DSL signal onto the loop 214 for 
transmission to the central office 202. Similarly, the repeater 224 receives downstream 
DSL signals from the central office 202 via the hybrid 322, filters out, or substantially 

10 attenuates, signals in the upstream frequency band with the downstream filter 302 and 
then passes the amplified downstream signal to the downstream amplifying element 304 
via line 354 for amplification. The repeater 224 then passes the amplified downstream 
DSL signal onto the loop 214 for transmission to the customer premises. 

In addition, the repeater 224 of FIG. 3 includes load coil 362 coupled to the loop 

15 214 to improve transmission of voice, or POTS, frequency signals over long loop lengths, 
such as those longer than about 18,000 feet. Conventional POTS load coils typically 
consist of two windings wound on the same core, acting as one balanced inductor. A 
value of 88mH is typical for the total effective inductance of a conventional load coil. 
Details of various embodiments of the present load coil are described below. 

20 Further, the hybrid 322 is illustrated as being capacitively coupled to the local 

loop on the central office, or upstream, side of the load coils 362 along lines 372 and 374. 
A capacitor 376 (100 nF) is disposed along the line 372 and a capacitor 378 (100 nF) is 
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disposed along the line 374 to capacitively couple the hybrid 322 to the loop 214 on the 
central office side of the load coils 362. 

Similarly, the hybrid 324 is illustrated as being capacitively coupled to the local 
loop 214 on the customer premises, or downstream, side of the load coils 362 along lines 
5 382 and 384. A capacitor 386 (100 nF) is disposed along the line 382 and a capacitor 388 
(100 nF) is disposed along the line 384 to capacitively couple the hybrid 324 to the loop 
214 on the customer premises side of the load coils 362. 

Additional details of the components comprising the DSL repeater 224 of FIG. 3 
are described in the related applications identified above incorporated herein by 
10 reference. 

The load coil 362 is present in the repeater 224 to block, or significantly attenuate, 
DSL frequency signals, such as ADSL signals, while improving the transmission of 
POTS-band signals over the loop 214. The load coil 362 also serves to provide sufficient 
impedance between the central office-side of the repeater 224 and the consumer 

15 premises-side of the repeater 224 so that significant gain can be developed across the load 
coil. Indeed, the DSL repeater 224 equalizes and amplifies ADSL-band signals found 
one side of the load coil 362, and presents the amplified signals to the other side of the 
load coil 362. At 1, 104 kHz, there can be as much as 40 dB of gain, or difference, 
between one side of the load coil and the other. It is desirable, therefore, for the load coil 

20 362 to present high impedance to DSL-band frequencies to develop a significant voltage 
difference across the POTS load coil 362. 

FIG. 4 illustrates the transfer function of an ideal load coil having no inter- 
winding or intra-winding capacitance with a line impedance of about 100 ohms. In 
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particular, FIG. 4 illustrates the transfer function magnitude Vi n (the voltage on one side 
of the coil) to V ou t (the voltage on the other side of the coil) as a function of frequency for 
an ideal load coil as curve 402. Preferably, this transfer function shown by curve 402 
will fall below a limit curve 404. The limit curve 404 is determined by the desired gain 
to be developed across the load coil 362, plus suitable margin. The limit curve 404 is an 
example of such a curve. 

As can be seen in FIG. 4, an ideal load coil, that is, a load coil with no inter- 
winding or intra-winding capacitance, functions acceptably. Indeed, for the ADSL 
frequencies of interest (about 25 kHz to about 1.1 MHz), the transfer function 402 is well 
below the limit curve 404. 

FIG. 5 illustrates an equivalent circuit 500 of a balanced coupled inductor, such as 
the type used in conventional load coils. As those skilled in the art will appreciate, real- 
world load coils are not ideal in that they typically include some inter-winding 
capacitance, some intra-winding capacitance, and some impedance. The equivalent 
circuit 500 includes a winding 502 having legs 504 and 506. The equivalent circuit 500 
also includes a winding 512 having legs 514 and 516. Taken individually, each of the 
windings 502 and 512 typically has an inductance of about 22 mH. Because the windings 
502 and 512 are disposed in series and are wound about a common core 518, the total 
effective inductance of the windings 502 and 512 wrapped about the core 518 is about 88 
mH. 

The equivalent circuit 500 also includes capacitors 520 and 522, which model, or 
represent the inter-winding capacitance of a conventional load coil. As shown, the 
capacitor 520 is disposed between the leg 504 of the winding 502 and the leg 516 of the 
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winding 512. Similarly, the capacitor 522 is disposed between the leg 506 of the winding 
502 and the leg 514 of the winding 512. To model the inter-winding capacitance of one 
embodiment of a conventional load coil, the capacitors 520 and 522 each have a 
capacitance of about 1,040 pF. 
5 In addition, the equivalent circuit 500 includes capacitors 530 and 532, which 

model, or represent the intra-winding capacitance of a conventional load coil. The 
capacitor 530 is illustrated as being disposed between the legs 504 and 506 of the 
winding 502. Likewise, the capacitor 532 is illustrated as being disposed between the 
legs 514 and 516 of the winding 512. To model the intra-winding capacitance of one 

10 embodiment of a conventional load coil, the capacitors 530 and 532 each have a 
capacitance of about 10 pF. Further, the conventional load coil also includes some 
impedance as represented by resistors 536 and 538, which each have a 6-ohm impedance. 

Lastly, to model the impedance of the line 214, a line impedance 540 is shown as 
being disposed between the wires of the line 214. The line impedance at high 

15 frequencies, such as frequencies in the ADSL band, is about 100 ohms. 

FIG. 6 illustrates the transfer function 602 of one embodiment of a conventional 
load coil having the inter-winding capacitance, the intra-winding capacitance, and 
impedance described above in FIG. 5 superimposed with the limit curve 404 described 
above with reference to FIG. 4. As shown, the transfer function 602 of a conventional 

20 load coil does not fall below the limit curve 404 for all ADSL frequencies and, therefore, 
may not be suitable for many applications of the DSL repeater 224 of FIG. 3. Indeed, for 
1 MHz ADSL signals, a conventional load coil will allow for little, if any, gain to be 
developed across the load coil where over 40 dB of gain is desirable. 
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FIG. 7 illustrates a transfer function 702 of a load coil in accordance with the 
present disclosure superimposed with the limit curve 404 described above with reference 
to FIG. 4. It has been determined that a suitable load coil 362 (FIG. 3) for a DSL repeater 
224 will advantageously have little, if any, effective capacitance. In one embodiment, the 
ratio of the effective inter-winding capacitance to the effective intra-winding capacitance 
is advantageously in the range of 0.75-1.25 and preferably in the range of 1.01 - 0.99. 

The transfer function 702 results from one embodiment of a load coil having 
about 88 mH effective inductance, about 10 pF inter- winding capacitance, about 10 pF 
intra-winding capacitance, and about 6 ohms resistance. As shown, the transfer function 
702 falls below the limit curve 404 for all ADSL frequencies and, therefore, such a load 
coil will provide sufficient impedance to high frequencies that sufficient gain can be 
developed across the load coil. As those skilled in the art will appreciate, however, 
manufacture of a conventional coupled inductor load coil with only about 10 pF of inter- 
winding capacitance is difficult, if possible at all. 

FIG. 8 illustrates one embodiment of the present load coil 362. The load coil 362 
of FIG. 8 includes a winding 802 and a winding 812. The winding 802 is coupled to the 
loop 214 via legs 804 and 806. Similarly, the winding 812 is coupled to the loop 214 via 
legs 814 and 816. The windings 802 and 812 are wound about a single core 818. In this 
embodiment, the load coil includes sufficient intra-winding capacitance (i.e. the 
capacitance measured between the legs 804 and 806 of the winding 802) to counter- 
balance, or substantially counter-balance, the inter-winding capacitance (i.e. the 
capacitance measured between the leg 804 of the winding 802 and the leg 816 of the 
winding 812). That is, the ratio of the inter- winding capacitance to the intra-winding 
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capacitance is in the range of 0.75-1 .25 and preferably in the range of 0.99-1 .01 . In one 
embodiment, where the inter-winding capacitance is about 1,040 pF, the intra-winding 
capacitance should be in the range of about 780-1,300 pF and is advantageously in the 
range of about 1,030-1,050 pF. By closely matching the effective intra-winding and 
5 inter-winding capacitances, the amount of capacitively conducted current at DSL 
frequencies through the FIG. 8 load coil is significantly reduced. 

As those skilled in the art will appreciate, the intra-winding capacitance measured 
between the legs 804 and 806 of the winding 802 will be very close, if not equal to, the 
intra-winding capacitance measured between the legs 814 and 816 of the winding 812. 
□ 10 Accordingly, for purposes of the present disclosure, the intra-winding capacitance of a 

==: 

load coil may typically be measured between the legs of either the first winding or the 
p second winding. 

ri FIG. 9 illustrates another embodiment of a load coil 362 according to the present 

3 system and method. This embodiment of the load coil 362 includes a winding 902 and a 

y 15 winding 912. The winding 902 is coupled to the loop 214 via legs 904 and 906. 
« Similarly, the winding 912 is coupled to the loop 214 via legs 914 and 916. The 

windings 902 and 912 are wound about a single core 918. 

The FIG. 9 load coil also includes compensating capacitors 920 and 922 for 

counter-balancing, or substantially counter-balancing, the inter-winding capacitance of 
20 the load coil. As shown, the capacitor 920 is disposed between the legs 904 and 906 of 

the winding 902 along line 924. Similarly, the capacitor 922 is disposed between the legs 

914 and 916 of the winding 912. 
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The compensating capacitors 920 and 922 preferably each have a capacitance that 
approximates the inter-winding capacitance, as measured between the leg 904 of the 
winding 902 and the leg 916 of the winding 912, minus the intra-winding capacitance, as 
measured between the legs 904 and 906 of the winding 902 without the presence of the 
5 capacitor 920, ± about 25% and preferably ± about 1%. For example, therefore, if the 
FIG. 9 load coil had an inter-winding capacitance of about 1,040 pF and an intra-winding 
capacitance of about 10 pF, then each compensating capacitor 920 and 922 should have a 
capacitance in the range of about 770 - 1,290 pF and advantageously in the range of 
about 1,020-1,040 pF. In this configuration, the capacitively conducted current through 
2 10 the load coil 362 is substantially reduced or alleviated, thereby permitting the desired 
J I gain to be developed across the load coil 362 for ADSL frequencies. 

S FIG. 10 illustrates another embodiment of the load coil 362. This embodiment 

n includes two discrete, uncoupled inductors. The first uncoupled inductor is shown as 

□ having a winding 1002, legs 1004 and 1006, and a core 1008. Similarly, the second 

D 

J: 1 15 uncoupled inductor includes a winding 1012, legs 1014 and 1016, and a core 1018. Each 
^ of the inductors advantageously has an inductance of about 44 mH so that the total 

effective inductance of the FIG. 10 load coil is about 88 mH. 

By providing a load coil with discrete, uncoupled inductors, rather than the 
conventional coupled inductors, the inter- winding capacitance of the FIG. 10 load coil 
20 (i.e. the capacitance between the leg 1004 and the leg 1016) is substantially reduced or 
eliminated. Further, in this embodiment, the intra-winding capacitance of each of the 
windings 1002 and 1012 is advantageously small, such as less than about 10 pF, so that 
the intra-winding capacitance of the FIG. 10 load coil does not prevent the FIG. 10 load 
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coil from presenting sufficient impedance to signals in the range of about 25 kHz - 1.1 
MHz. 

FIG. 1 1 illustrates another embodiment of the load coil 362. This embodiment 
includes two discrete, uncoupled inductors. The first uncoupled inductor is shown as 
having a winding 1 102, legs 1 104 and 1 106, and a core 1 108. Similarly, the second 
uncoupled inductor includes a winding 1112, legs 1114 and 1116, and a core 1118. Each 
of the inductors advantageously has an inductance of about 44 mH so that the total 
effective inductance of the FIG. 1 1 load coil is about 88 mH. By providing a load coil, 
such as the load coil 11, with discrete, uncoupled inductors, rather than the conventional 
coupled inductors, the inter- winding capacitance of the FIG. 1 1 load coil is substantially 
eliminated. 

The FIG. 1 1 load coil also includes compensating capacitors 1 120 and 1 122 to 
counter-balance any significant intra- winding capacitance of the windings 1 102 and 
1112. Each of the windings 1 102 and 1112 may have significant intra-winding 
capacitance as measured between the legs of each winding. That is, the intra-winding 
capacitance of the winding 1 102 is the capacitance as measured between the legs 1 104 
and 1 106. Likewise, the intra-winding capacitance of the winding 1 104 is the 
capacitance as measured between the legs 1114 and 1116. Without being effectively 
counter-balanced by the capacitors 1 120 and 1 122, the intra-winding capacitance of the 
windings 1 102 and 1112 may adversely affect the ability of the load coil to present 
sufficient impedance to ADSL signals to permit significant gain to be developed across 
the load coil 362 of FIG. 11. 
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To counter-balance the intra-winding capacitances of the windings 1 102 and 
1 104, the capacitor 1 120 is disposed between the leg 1 1 14 of the winding 1112 and the 
leg 1 106 of the winding 1 102 along line 1 124 and the capacitor 1 122 is disposed between 
the leg 1 104 of the winding 1 102 and the leg 1 1 16 of the winding 1112 along line 1 126. 
5 Advantageously, each of the capacitors 1 120 and 1 122 has a capacitance that 

approximates the intra-winding capacitance of one of the windings 1 102 and 1112. 
Indeed, in one embodiment, the ratio of the capacitance of one of the capacitors 1 120 and 
1 122 to the intra-winding capacitance of one of the windings 1 102 and 1 1 12 is in the 
range of 0.75 - 1 .25, and in another embodiment, this ratio is in the range of about 0.99 - 
10 1.01. 

The invention has been described above with reference to specific embodiments. 
It will, however, be evident that various modifications and changes may be made thereto 
without departing from the broader spirit and scope of the invention. The foregoing 
description and figures are, accordingly, to be regarded in an illustrative rather than a 
1 5 restrictive sense. 
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